The aims of the study were 1) to investigate effects of a low protein diet on fatty acids content and composition of the LM and subcutaneous adipose tissue in 3 genetically diverse breeds, Large White × Landrace, Alentejano, and Bizaro, and 2) to determine whether the effect of the low protein diet of fatty acid composition is associated with dietary modulation of stearoyl-CoA desaturase (SCD) protein expression. The experiments were conducted on 12 Large White × Landrace, 12 Alentejano, and 10 Bízaro female and male pigs. The average animal BW at the beginning of experiments was 40.8, 40.7, and 38.3 kg for Large White × Landrace, Alentejano, and Bízaro, respectively, and the BW of animals at slaughter was 90 kg. The diets contained 202 or 169 g/kg DM of CP (high and low protein diets, respectively) and were balanced in essential AA. The diets were fed until the animals reached 90 kg BW (approximately 73 d). It was established that Large White × Landrace pigs had a less (P = 0.001) total fatty acid content in subcutaneous adipose tissue when compared with Alentejano and Bízaro and less (P < 0.001) intramuscular fat (IMF) content when compared with Alentejano. There was a positive relationship between SCD protein expression in the LM and MUFA content (r = 0.627, P = 0.029) and SCD protein expression and total muscle fatty acids content (r = 0.725, P = 0.008) in Large White × Landrace but not in Alentejano and Bizaro breeds. It has been suggested that SCD protein expression is associated with regulation of fat deposition only in breeds with genetic predisposition to a low IMF content.
INTRODUCTION
In the recent years, there has been an increasing concern of consumers regarding the amount and type of fat in the diet. An excessive consumption of fat and, in particular, SFA increases the risk of obesity and metabolic diseases (Aranceta and Perez-Rodrigo, 2012; Kratz et al., 2012) . It is also well established that dietary saturated fat increases low-density lipoprotein cholesterol, but the data on relationship between SFA and the risk of cardiovascular disease are controversial (Mente et al., 2009; Siri-Tarino et al., 2010; Aranceta and Perez-Rodrigo, 2012) . On the other hand, some MUFA and PUFA have been recognized as beneficial for human health (Burlingame et al., 2009) .
Pork is the most consumed meat in Europe. The current trend towards production of leaner pigs has resulted in decrease in undesirable subcutaneous fat. However, the genetic selection also decreased intramuscular fat (IMF), which negatively affected pork quality (Hodgson et al., 1991; Castell et al., 1994) . A number of publications reported a possibility of increasing of IMF without increasing subcutaneous fat via reduction of protein level in the diet (Castell et al., 1994; Doran et al., 2006) . It has been suggested that the lipogenic enzyme stearoyl-CoA desaturase (SCD) plays the key role in the IMF formation in pigs Doran et al., 2006) . However, the above dietary effects were observed in crossbred commercial pig populations, which are genetically predisposed to reduced IMF. It remains unknown whether the effects of a reduced protein diet takes place in genetic lines with greater IMF contents (e.g., Bízaro and Alentejano). This research tested the hypothesis that the effect of a low protein diet on fat partitioning in pigs is breed specific and mediated via regulation of SCD protein expression. The specific objectives were 1) to investigate effects of a low protein diet balanced in essential AA on fat content and composition in subcutaneous adipose tissue in muscle of 3 genetically diverse pig breeds and 2) to whether the effects of a low protein diet are associated with SCD protein expression.
MATERIAL AND METHODS
All the procedures involving animal handling and slaughter were performed in compliance with regulations for the humane care and use of animals in research as operated at the former Estação Zootécnica Nacional (EZN), now Polo de Investigação da Quinta da Fonte Boa, Portugal, and approved by the Animal Care Committee of the National Veterinary Authority (Direcção Geral de Veterinária, Portugal) using the European Union guidelines number 86/609/EEC.
Animals and Diets
The experiments were conducted on 12 crossbred Large White × Landrace (LW × LR), 12 purebred Alentejano (AL), and 10 purebred Bízaro (BZ) pigs. The dietary trials were performed at the EZN facilities. Because of the small scale of Bízaro pig production system, both males and females piglets were used in the experiments (50% of males per each breed). The AL and BZ pigs were transported to EZN facilities 2 wk after weaning. The LW × LR piglets were supplied from the EZN herd. The piglets were grouped by breed in pens and fed the same standard commercial growing diet for 1 mo. At the beginning of the trial, the BW (mean ± SD) were 40.7 ± 1.88, 38.3 ± 3.68, and 40.8 ± 4.53 kg for AL, BZ, and LW × LR pigs, respectively. Animals within each breed were divided into 2 groups of females and 2 groups of males. One group of males and 1 group of females were fed a control diet, and the other group of males and females were fed a low protein diet. The dietary trials were conducted until the animals reached 90 kg of BW. On average, the animals were on the trial for 73 d to reach this BW. Significant differences in the number of days on the trial were found between males and females (68 and 78 d, respectively; P = 0.002) and between breeds (P < 0.001) but not between the diets (P = 0.38). The LW × LR and AL pigs had similar days on feed (66 and 68 d, respectively) whereas the BR pigs needed significantly more days on feed to reach the target BW (86 d). Composition of the diets is given in Table 1 . During the dietary trial, all the animals were fed ad libitum and weighed weekly.
Pigs were slaughtered at EZN experimental abattoir. Samples of subcutaneous (s.c.) adipose tissue and LM from the dorsal region at the level of the last rib were obtained within 5 min after slaughter and immediately frozen in liquid N 2 . The samples were stored at -80°C until analyzed.
Lipid Extraction and Fatty Acid Analysis
Meat and s.c. adipose tissue samples were lyophilized at 60°C and 2.0 hPa to constant weight using an Edwards Modulyo lyophilizer (Edwards High Vacuum International, Norfolk, UK). Total lipids were extracted by Folch method (Folch et al., 1957) with some modification. In our analyses, the chloroform and methanol (2:1) solution was replaced for a dichloromethane and methanol (2:1) solution (Carlson, 1985) . All the analyses were performed in duplicate.
Fatty acids were methylated with boron-trifluoride in methanol following the procedure described by Rule (1997) . Fatty acid methyl esters were analyzed by gas chromatography using a Varian 3800 gas chromatograph (Varian Inc, Walnut Creek, CA) equipped with a flameionization detector and OmegaWax 250 capillary column (30 m, 0.25 mm i.d., and 0.25-μm film thickness; Supelco, Bellefonte, PA). The gas chromatograph oven temperature was programmed to start at 150°C (maintained for 15 min) followed by a 3°C per min increase to 220°C (maintained for 20 min). Identification of fatty acids was accomplished by comparing the retention times of peaks from experimental samples with those of fatty acid methyl esters standard mixtures. Quantification of fatty acids content in muscles was based on the use of internal standard, nonadecanoic acid (19:0). The amount of fatty acids of adipose tissue was estimated from total lipids using 0.95 as correction factor, which assumes that triacylglycerols are 98% of adipose tissue lipids (Weihrauch et al., 1977) . Fatty acids were expressed as gravimetric contents (mg/g tissue).
Isolation of Microsomes
Microsomes from s.c. adipose tissue and muscles were isolated by differential centrifugation essentially following the procedure of Schenkman and Cinti (1978) with minor modifications. The microsomal pellet was resuspended in a Tris-KCl buffer (150 mM KCl and 10 mM Tris-HCl, pH 7.4) in the presence of a mixture of peptidase inhibitors (1.5 μM pepstatin, 1.5 μM antipain, and 2 μM leupeptin) until the final protein concentration of 20 mg/mL for muscles and 5 mg/mL for s.c. adipose tissue. The protein concentration in isolated microsomes was determined by Bradford method (Bradford, 1976 ).
Analysis of Stearoyl-CoA Desaturase Protein Expression
Stearoyl-CoA desaturase protein expression was analyzed by Western blotting as described previously (Doran et al., 2006) . Twelve micrograms of muscle microsomal protein and 6 μg of s.c. adipose tissue microsomal protein were separated by SDS-PAGE and electro-blotted onto a nitrocellulose membrane. The membrane was probed with rabbit polyclonal anti-bovine adipose tissue SCD (custom made at the University of Bristol). The antibodies were demonstrated to crossreact with the porcine SCD (Doran et al., 2006) . The membrane was reprobed with horseradish peroxide linked donkey anti-rabbit IgG (Amersham, Bucks, UK) as the secondary antibody. The intensity of the SCD protein bands was quantified using the ImageQuant program (Molecular Dynamics, GE HealthCare UK Ltd., Buckinghamshire, UK). A microsomal preparation from 1 particular sample was present on all the blots, and the intensity of the SCD signals of this sample was taken as 100 arbitrary units (a reference sample). The intensity of the signals of other samples on the blots was expressed as a fraction of the reference sample.
Statistical Analysis
The fatty acid composition of muscle and s.c. adipose tissue was analyzed using the MIXED procedure (SAS Institute, Inc., Cary, NC). The model included the effect of sex, breed, diet, and breed × diet interaction. Heterogeneity of variances were detected for all muscle variables and some s.c. adipose tissue variables, and therefore the model included the "group = breed × diet" option under the "repeated" statement to accommodate different variance between groups. Analyses of the relationship between SCD protein expression and fat content were performed using the Pearson correlation.
RESULTS

Fatty Acids
Data presented in Table 2 demonstrate that there were differences (P = 0.001) between breeds in IMF content, with the greatest values in AL pigs followed by BZ and LW × LR. The amount of IMF did not differ (P = 0.435) between the animals fed the control and the low protein diets, and there was no significant (P = 0.552) breed × diet interaction.
In the case of s.c. adipose tissue (Table 3) , the total fatty acid content was similar in AL and BZ breeds, and it was lower (P < 0.0001) in LW × LR (by 10.5 and 7.7% when compared with AL and BZ, respectively). The low protein diet did not have effect (P = 0.678) on the total fatty acids content in s.c. adipose tissue, and no breed ×diet interaction (P = 0.253) was observed.
It has been previously demonstrated that the lipogenic enzyme SCD plays an important role in IMF formation in commercial pig breeds (Doran et al., 2006) . This enzyme 4 Sanimix for growing and finishing pigs (Sanipec Lda, Alverca do Ribatejo, Portugal) composition per kg of premix: vitamin A, 2,750,000 IU; vitamin D3, 750,000 IU; vitamin E, 5,000 mg; vitamin B2, 1,500 mg; vitamin B6, 500 mg, vitamin B12, 7,000 μg; nicotinic acid, 7,500 mg, calcium pantothenate, 5,000 mg; I (potassium iodide), 300 mg; Mn (manganese oxide), 20,000 mg; Fe (ferrous carbonate), 40,000 mg; Zn (Zinc oxide), 50,000 mg; Cu (cupric sulfate pentahydrate), 12,500 mg; Se (sodium selenite), 50 mg; Co (basic cobaltous sulfate monohydrate), 100 mg; and butylhydroxytoluene, 2,000 mg, excipient (calcium carbonate).
5 Mean values of analytical results of 4 batches of each diet.
catalyses the biosynthesis of cis-9 MUFA from SFA. Therefore, it was of interest to investigate the effects of breed and diet on the content of the main substrates (16:0, and 18:0) and products (16:1cis-9, and 18:1cis-9) of SCDcatalyzed reactions. In muscles, the greatest content of 16:0 and 18:0 (P < 0.0001) was observed in AL when compared with BZ and LW × LR. The content of muscle 16:1cis-9 and 18:1cis-9 was the greatest (P < 0.001) in AL pigs and the lowest in LW × LR. The BZ and LW × LR breeds differed (P < 0.001) in the muscle content of 18:1cis-9 and 16:1cis-9. In s.c. adipose tissue, the lowest level of 16:0, 18:0, 16:1cis-9, and 18:1cis-9 (P < 0.001) was observed in LW × LR pigs when compared with AL and BZ. The BZ animals had lower (P < 0.001) content of 16:0, 18:0, and 18:1cis-9 and greater (P < 0.001) content of 16:1cis-9 when compared with AL.
There was no effect of the dietary protein level on either muscle or s.c. adipose tissue SFA and MUFA, and no diet × breed interaction was observed.
Stearoyl-CoA Desaturase Protein Expression and Relationship with Fatty Acids Content
The presence of SCD immunoreactive bands has been observed in muscle and s.c. adipose tissue of all 3 breeds investigated. The average values for SCD protein level did not differ either between breeds (P = 0.177) or between the diets (P = 0.971; Tables 2 and 3) .
The relationship between SCD protein expressions, total adipose tissue fatty acids, IMF, and MUFA content was investigated within each breed. There was a positive relationship between SCD protein expression and IMF content in LW × LR (P = 0.008) but not in AL (P = 0.379) or BZ (P = 0.921) breeds (Table 4) . A similar situation was observed for the relationship between SCD protein expression and the product of the SCDcatalyzed reaction, MUFA, where positive relationship between muscle SCD and MUFA was observed in LW × LR (P = 0.029) but not in the other 2 breeds investigated. In contrast to the muscle, there was no significant relationships between SCD protein expression, total fatty acids, or MUFA content in s.c. adipose tissue of the breeds investigated (Table 3) .
DISCUSSION
The amount of fat and its distribution varies between pig breeds (Zembayashi et al., 1995; Wood et al., 2008; Gao et al., 2011) . Some of the breeds, such as Duroc and Large White, differ only in the level of IMF and have similar s.c. fat content (Wood et al., 2008) . Other breeds differ in both s.c. and IMF content. Thus, traditional Iberian breeds have greater backfat thickness and IMF content when compared with Landrace pigs (Morales et al., 2003) . Iberian breeds are well known for their remarkable ability to deposit high level of IMF, which makes them of high commercial importance, especially for production of dried cured hams and sausages (Carrapiso et al., 2003; Ventanas et al., 2006) . Both genetics and diet play the key role in regulation of fat partitioning in pigs (Lebret, 2008; Canovas et al., 2009; Missotten et al., 2009; Hallenstvedt et al., 2012) . However, the question about breed-specific capacity to increase IMF in response to dietary manipulations remains open. In the present study, we investigated the effect of a low protein diet on the amount and 1 Data are presented as mean ± SEM, n = 12 for AL, n = 10 for BZ, and n = 12 for LW × LR. composition of fat in s.c. adipose tissue and muscle in the genetically diverse breeds: commercial LW × LR and 2 common Iberian breeds, AL and BZ. The LW × LR cross had a significantly less total fatty acid content in s.c. adipose tissue when compared with AL and BZ. This is consistent with the data of Serra et al. (1998) and Morales et al. (2003) , who demonstrated the lower s.c. lipid content and lower backfat thickness in Landrace breed when compared with Iberian pigs. The present study has also established that LW × LR pigs had significantly less IMF content when compared with AL breed, which is in line with data of the literature regarding greater genetic capacity of Iberian pigs to deposit IMF (Ventanas et al., 2007; Ramirez and Cava, 2007) . In particular, it has been demonstrated that muscles from purebred Iberian pigs have almost twice greater content of IMF when compared with Iberian crossbreeds (Iberian × Duroc; Ventanas et al., 2006) . Furthermore, BZ had a significantly less IMF content when compared with AL. These results might be explained by genetic diversity between individual Iberian pig breeds, which has been previously demonstrated for Portuguese Alentejano and Spanish Iberian pigs (van Asch et al., 2012) .
The present study did not find significant effect of low protein diet on either IMF or s.c. fat content or on fatty acid composition of muscles and s.c. adipose tissue. This is not in agreement with data of the literature, including our earlier study, which reported increase in IMF content in pigs fed a low or reduced protein diet Doran et al., 2006; Teye et al., 2006) . A possible explanation for this discrepancy might be the fact that the present study used a low protein diet that was balanced in lysine level but the previous studies were not balanced in AA content. Recently, we tested this hypothesis using crossbred and Alentejano pigs and confirmed that dietary lysine restriction was needed to obtain an IMF increase with reduced protein diets (Madeira et al., 2013a,b) . Moreover, Wood et al. (2013) reported that effects of low protein diet on deposition of s.c., intermuscular, and IMF as well as on fatty acid composition depends on whether the low protein diets are fortified with essential AA or not.
There is increasing amount of evidence that the mechanisms regulating fat deposition in pigs are tissue specific (Missotten et al., 2009; Martins et al., 2012) and that this might be related to tissue-specific expression and/ or activity of enzymes controlling lipogenesis. One of the key lipogenic enzymes is SCD catalyzing the conversion of SFA (mainly 16:0 and 18:0) into corresponding MUFA (16:1 and 18:1). In the present study, the expression of muscle and s.c. adipose tissue SCD protein did not differ between LW × LR, AL, and BZ breeds. This is not in agreement with data of the literature, which demonstrated the greater lipogenic activity in muscle and backfat of Iberian pigs when compared with Landrace (Morales et al., 2003) . One possible explanation might be the fact that Morales et al. (2003) investigated malic enzyme and glucose-6-phosphate dehydrogenase, and our study focused on SCD.
The present study established significant positive relationship between muscle SCD protein expression and IMF content but only in the LW × LR breed. This was accompanied by positive correlation between SCD protein and the product of the SCD-catalyzed reaction, MUFA. These results are consistent with the data of the literature regarding the involvement of SCD in deposition of IMF in commercial pig breeds, where a positive relationship between IMF and SCD protein expression was observed (Doran et al., 2006; Canovas et al., 2009) . It has been suggested that SCD might be 1 of the factors involved in regulation of fat deposition in muscles of breeds with genetically low IMF content but not in those genetically predisposed to greater IMF level.
The present study did not find significant effects of a low protein diet on IMF, MUFA content, or SCD protein expression. This is in contrast to previous reports, which observed significant increase in IMF, MUFA, SCD mRNA, and SCD protein expression under restriction of dietary protein intake (Karlsson et al., 1993; Da Costa et al., 2004; Wood et al., 2004; Doran et al., 2006) . As mentioned above, the differences between the results of the current and previous studies might be due to the fact that the present study used a low protein diet that was balanced in essential AA, mainly in lysine. The input of individual AA in fat biosynthesis and expression of lipogenic enzymes has to be further investigated.
To summarize, this study 1) established that a low protein diet, balanced in essential AA, does not have significant effect on IMF or s.c. adipose tissue fat content in pigs and 2) demonstrated for the first time that the expression of the lipogenic enzyme SCD positively correlates with IMF formation in a commercial crossbreed but not in traditional Portuguese breeds, which are genetically predisposed to greater IMF content. 
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